In children with congenital cardiac anomalies, isoproterenol has been used to simulate exercise. To determine if these states are comparable, 28 children with pulmonary valvar stenosis were studied by cardiac catheterization at rest, during supine submaximal exercise, and during isoproterenol infusion. Similar heart rates were obtained during exercise (142/min) and isoproterenol infusion (139/min). Cardiac index, right ventricular systolic pressure and oxygen consumption were measured during each physiologic state. The change in pulmonary valve area from rest was calculated. At similar heart rates, cardiac index was significantly greater with exercise than with isoproterenol and right ventricular systolic pressure was similar in the two states. Thus, the calculated pulmonary valve area was significantly smaller with the pharmacologically induced stress. The study indicates that several of the hemodynamic effects of isoproterenol are not comparable to those produced by exercise in patients with pulmonary valvar stenosis.
CARDIAC CATHETERIZATION is routinely per- formed while the patient is in a resting, nearly basal state. Hemodynamic measurements at rest, however, do not allow complete evaluation of myocardial function, yet such evaluation is important to assess the severity of obstructive lesions. For this reason exercise studies during cardiac catheterization of patients with ventricular outflow obstruction are often indicated. Moss and others have pointed out the difficulty in performing exercise studies in children, and have suggested that the intravenous infusion of isoproterenol satisfactorily simulates the cardiac response to exercise.`13 In order to determine if isoproterenol simulates exercise, we studied 28 children with isolated pulmonary valvar stenosis by cardiac catheterization in three physiologic states: at rest, during supine submaximal exercise, and during isoproterenol infusion. 
Isoproterenol
Exercise studies
Materials and Methods Twenty-eight children with isolated pulmonary valvar stenosis were studied. The patients were between 6 and 16 years of age. Each patient was studied in a fasting state following premedication with morphine and phenobarbital. A Goodale-Lubin catheter was utilized to measure rightsided cardiac pressures, and a Teflon arterial cannula, inserted into the brachial artery, was used to measure systemic arterial pressure. Cardiac output was measured using the Fick principle in 11 patients. Oxygen consumption was calculated from the patient's expired air collected in a Collins chain-driven tank. Midway through the gas collection, blood was drawn simultaneously from the brachial and pulmonary arteries for Van Slyke oxygen analysis. The venous catheter was withdrawn from the pulmonary artery through the right ventricle to the right atrium while pressure was recorded continuously. Right ventricular enddiastolic pressure and right atrial pressure were measured on low attenuation. In 17 patients cardiac output was determined by indicator dilution curves. These were obtained following the injection of a known quantity of indocyanine green into the pulmonary trunk and sampling from the brachial artery. Immediately following measurement of cardiac output, pressures were recorded through the right side of the heart. The curves were calibrated with the patient's blood. In several patients cardiac output was measured simultaneously by both methods and the values were nearly identical.
Exercise was performed using a variable resistance bicycle ergometer at a work load designed to raise the heart rate to approximately 140 beats/min. The duration of exercise was between 10 and 15 min and was performed in the supine Circulation, Volume XLIX, May 1974 position. Hemodynamic parameters, as described above during the resting state, were measured in an identical manner once a steady state had been achieved for four minutes.
Upon completion of exercise the patient was rested for 20 min in order for heart rate to return to resting values. Isoproterenol was then continuously infused through the catheter in a concentration of 1-2 pg/m2 /min, sufficient to raise the heart rate to 140 beats/min. Cardiac output and right-sided cardiac pressures were again measured as had been done at rest and during exercise.
The pulmonary valve area was calculated by a modification of Gorlin's formula. 4 The measured and derived data obtained at rest, exercise and during isoproterenol infusion were compared. For each group the mean value for each hemodynamic parameter was calculated and the groups were compared by standard statistical methods.
Following the collection of physiologic data, the diagnosis of isolated pulmonary valve stenosis was confirmed by selective right ventriculography or pulmonary arteriography. These studies demonstrated the pulmonary valvar stenosis and excluded the presence of coexistent left-to-right shunts. The angiograms were reviewed independently by a cardiovascular radiologist. Although in some patients the infundibular area narrowed during systole, it appeared normal during diastole, so that fixed infundibular stenosis was not considered to be present. Furthermore, there was no evidence of infundibular obstruction on pressure tracing.
Results
The response to exercise and isoproterenol infusion was comparable for heart rate, peak right ventricular systolic pressure, right ventricular end-diastolic pressure, and systolic ejection period (table 1) . Heart rate increased from a resting mean of 87 beats/min to approximately 140 beats/min during exercise and isoproterenol infusion. Mean right ventricular systolic pressure at rest was 65 mm Hg, which rose to 111 mm Hg during exercise and 118 mm Hg with isoproterenol. Right ventricular end-diastolic pressure and systolic ejection period remained essentially unchanged from resting values. There were, however, a number of ways in which the patients responded differently during exercise as compared to isoproterenol infusion. The amount of oxygen consumed was much greater during exercise ( fig. 1 ). The mean resting oxygen consumption was 163 cc/min. This increased slightly to an average of 225 cc/min with isoproterenol and 691 cc/min during exercise. The A-V 02 difference was nearly three times greater during exercise than with isoproterenol, indicating the difference in utilization of oxygen by tissue between the two physiologic states.
Cardiac index was significantly greater during exercise, even though the heart rates were nearly identical. The resting cardiac index averaged 4.3 L/min/M2. It increased to 7.6 L/min/m2 with exercise, but to only 6.2 L/min/m2 during isoproterenol infusion. The mean resting stroke index was 50.5 cc/beat/m2 which increased to 53.5 cc/beat/m2 during exercise, but fell to 45.7 cc/beat/m2 during isoproterenol infusion, a significant difference between the two stress states.
The Gorlin formula for calculating pulmonary valve area relates flow across the pulmonary valve and peak systolic right ventricular pressure (if systolic ejection period remains constant). The mean values for the pulmonary valve area, cardiac index and right ventricular systolic pressure for each of the three hemodynamic states are shown in figure 2 . Both exercise and isoproterenol infusion resulted in similar increases of right ventricular systolic pressure. Exercise, however, caused a greater increase in cardiac index than isoproterenol. Thus, the calculated pulmonary valve area was significantly less during isoproterenol infusion (0.54 cm2/M2) than during exercise (0.70 cm2/m2).
Discussion
We have found exercise studies to be particularly useful in children with aortic or pulmonary valvar stenosis.5' 6 Exercise causes multiple readjustments of the circulation and myocardium, and analysis of data obtained in this state provides valuable insight into REST 163 3.8 87 4.3 50.5 6 Abbreviations: V02= oxvgen consumption; RVSP peak right ventricular systolic pressure; RVEDP= right ventricular end-diastolic pressure; SEP X HR = systolic ejection period X heart rate; PVA = pulmonary valve area. cardiac function. Because of the absence of intracardiac shunting, cardiac output is not difficult to measure and the valvar obstruction causes considerable change in ventricular afterload as cardiac output increases.
Exercise studies have not been widely used in children because cooperation of the patient is necessary. Isoproterenol has been utilized as a substitute to increase cardiac output and simulate at least this one characteristic of exercise. Our studies indicate that in several ways isoproterenol does not simulate exercise. One of the important differences is found in the relationship between cardiac index and right ventricular systolic pressure. Isoproterenol infusion caused right ventricular systolic pressure to increase more in relation to a given increase in cardiac index than occurred during exercise. The relationship is best expressed by changes in pulmonary valve area. Whereas pulmonary valve area changed little during exercise, it decreased significantly during isoproterenol infusion.
It is unlikely that the orifice of the pulmonary valve changes in size during exercise or isoproterenol infusion. The difference between the exercise and isoproterenol states is most likely related to the effect of the pharmacologic agent on the infundibulum. Harwood and Lucas demonstrated experimentally that isoproterenol alters the sequence of contraction of musculature of the outflow tract of the canine right ventricle in such a way that the infundibulum partially obstructs the flow of blood to the pulmonary artery.7 Mason, Braunwald and Ross reported that isoprenaline caused significant narrowing of the outflow tract of the right ventricle when there was primary or secondary infundibular stenosis.8 Their results prompted us to look carefully for angiographic evidence of infundibular obstruction in our patients, particularly those children with a greater than usual decrease in pulmonary valve area during isoproterenol infusion. The pulmonary valve annulus and the infundibulum were measured during systole and diastole by a cardiovascular radiologist without prior knowledge of the results of our hemodynamic studies. Although nearly one-third of the patients had mild to moderate narrowing of the infundibulum during late systole, this area opened widely during diastole. None of the patients had fixed infundibular narrowing and thus were not considered to have significant subpulmonic stenosis. In addition, there was no correlation between the cases with systolic outflow tract narrowing angiographically and those patients who had the greatest decrease in pulmonary valve area.
Although exercise does not cause a significant decrease in the calculated pulmonary valve area from resting values, isoproterenol does, the value being 0.22 cm2/m2 less during isoproterenol infusion than at rest. This change may seem unimportant, but in practical terms, how important is it?
When assessing the severity of an obstructive lesion pressure should be related to flow.9 Pulmonary valve area relates these factors and is a useful parameter to decide if a patient with isolated pulmonary stenosis requires valvotomy.'0 We consider for operation patients with a pulmonary valve area of less than 0.5 cm2/m2. " Figure 3 illustrates the data of eight of our patients who would not be considered for operation on the basis of the pulmonary valve area calculated from rest and from exercise. During isoproterenol infusion, however, the value fell below 0.5 cm2/m2. Since isoproterenol artifically intensifies the calculated orifice obstruction, patients may be erroneously selected for surgery.
Most investigators who have stated that isoproterenol mimics exercise have not measured ox- Hemodynamics of eight patients with pulmonary valve area 0.5 cm2/m2 during isoproterenol infusion. Comparison of cardiac index and right ventricular systolic pressure. Observations of pulmonary valve area during rest, exercise, and isoproterenol infusion. In these patients isoproterenol related to a decrease in valve area below the 0.5 cm2/m2 isobar.
Circulation, Volume XLIX, May 1974 ygen consumption, A-V 02 difference or cardiac output, but have emphasized the substantial increase in gradient across the area of stenosis. Brodsky, Schiebler and Krovetz pointed out the advantages of relating pressure gradient to flow and felt that AP/ACO was a useful means of expressing this relationship.3 Our data support this assumption. However, their isoproterenol study in children with pulmonary stenosis did not include exercise and therefore their conclusion that isoproterenol mimics exercise is unfounded. The AP/ACO during exercise is significantly different from AP/ACO with isoproterenol.
Why does exercise cause a greater increase in cardiac output than isoproterenol when comparable increases in heart rate are attained? There are several possible explanations. Whereas the response to exercise involves both alpha and beta adrenergic stimulation, isoproterenol is one of the most active symphatomimetic amines that act almost exclusively on beta receptors. This intrinsic difference may play a role. Also, exercise probably causes a greater increase in systemic venous return to the heart due to the mechanical action of contracting muscle than does isoproterenol.
There is a striking difference in tissue oxygen consumption between the exercise and the isoproterenol states. Tissue oxygen consumption is sharply influenced by tissue demand and utilization of oxygen during exercise, but only minimally influenced by the inotropic and chronotropic stimulation of isoproterenol. Since oxygen consumption is an important measurement used in our calculations, could the derived calculation be related to an artifact introduced by the differences in measured oxygen consumption between the two physiologic states? This would appear unlikely since in 17 of our 28 patients cardiac output was measured by the indicator dilution method and the results were comparable to cardiac output measured by the Fick principle utilizing oxygen consumption.
We believe hemodynamic measurements obtained during exercise enhance the evaluation of myocardial performance. At comparable heart rates, exercise and isoproterenol are associated with similar levels of right ventricular systolic and end-diastolic pressures, and systolic ejection period, but there are no other important similarities between these two states. Isoproterenol infusion in children with isolated pulmonary stenosis is beneficial when facilities for the performance of exercise studies in the cardiac catheterization laboratory are not readily available, or in children less than five years of age. The increase in gradient across the pulmonary valve resulting from isoproterenol is similar to that occurring during exercise. It is the purpose of this report, however, to emphasize that isoproterenol increases the gradient out of proportion to the increase in cardiac output. When pressure and flow are related, as by AP/ACO or pulmonary valve area, the severity of stenosis as indicated by the calculation may be artifically intensified with isoproterenol infusion.
